ABSTRACT Due to the unique properties of field confinement and enhancement, spoof surface plasmon polaritons (SPPs) are considered as special modes to break many challenges in traditional electronic and microwave engineering. Ultrathin corrugated metallic structure offers an easy fabrication method to realize spoof SPP waveguides on substrate, and has been proved to have many merits in recent years. Lately, a programmable and coding spoof SPP waveguide loaded by active elements was presented, which makes it possible to control SPPs in real time. However, this programmable SPPs waveguide suffers from the limited loadable space and hence can hardly achieve more complex controlling functions. On the other hand, the existing methods to excite spoof SPPs require large conversion structures, which are unadoptable in modern integrated circuits. In this paper, we propose a new type of spoof SPP waveguide composed of a metallic strip and corrugated ground with an open loadable space for large-scale and complex controlling networks. A new conversion structure is presented to achieve high-efficiency transition from the traditional microstrip to the SPP waveguide without using extra space. Both numerical simulations and experiments indicate the outstanding performance of the new spoof SPP waveguide. The proposed structure is also convenient to connect with active devices due to its multi-conductor nature. Hence, the proposed structure may find wide applications in SPP-based integrated circuits and systems in the future.
I. INTRODUCTION
Surface plasmon polaritons (SPPs) are a kind of special electromagnetic (EM) surface waves and have attracted great attentions due to their potential applications in both scientific and engineering areas. The natural SPPs exist on the interface between dielectric and metal at the visible or ultraviolet (UV) frequencies where the permittivity of metal is negative [1] , and propagate along the interface while decay exponentially in the vertical direction of the interface [2] . Therefore, SPPs possess excellent properties of strong field confinement and enhancement, which can be applied into many devices and systems such as the super-resolution imaging [3] , [4] , high-quality and miniaturized sensors [1] , [5] , and photovoltaics [6] .
However, at lower frequencies like the far infrared, terahertz and microwave frequencies, metal behaves like perfectly electric conductor (PEC) instead of plasma with negative permittivity. Thus natural SPPs cannot be excited in these low frequency bands. To overcome this problem and replicate the unique properties of SPPs into the common electronic engineering, plasmonic metamaterials which can support a kind of SPP-like surface waves, named as spoof SPPs or designer SPPs, were presented [7] - [17] . The plasmonic metamaterials can be constructed by metallic surfaces decorated by subwavelength one-dimensional (1D) arrays of grooves [18] and two-dimensional (2D) arrays of pits and hills [7] , [19] . Ultrathin corrugated metallic strip which can be fabricated by printed-circuit board (PCB) technology has become the popular plasmonic metamaterial transmission line (TL) nowadays [20] , [21] . This kind of TL has the merits of easy fabrication, low-loss [22] , interference suppression [23] , and great flexibility [20] .
The corresponding excitation structure of the spoof SPP TL from a coplanar waveguide (CPW), which is composed of gradient corrugation grooves and flaring ground [24] , was also reported. Although this method achieves broadband and high-efficiency conversion between spatial modes in CPW to SPPs, the width and area of the conversion section is too large, which is inconvenient in modern integrated circuits (ICs) and miniaturized systems. Moreover, the transmission performance of single-conductor spoof SPP TLs can be controlled by changing the geometric parameters, but cannot be reconfigured after fabrication.
In view of this, programmable and coding SPP TLs have been presented [25] , which are loaded with active elements inside each unit structure, and can be controlled dynamically through digital inputs. Although this type of coding SPP TL allows us to reconfigure its properties and achieve some fundamental digital-analog devices such as SPP logical gate and SPP digital phase shifter, it is difficult to integrate huger and complex controlling networks into the SPP TLs for more flexible functions due to their limited loadable space. Thus the technique has to be further developed to meet more requirements of modern information systems.
In order to overcome these problems, we firstly present a new spoof SPP TL structure composed of adjacently periodic metallic patches and a strip on the opposite side of dielectric substrate respectively, which provides a possibility to easily connect with additionally active elements or complicated controlling network. We investigate the dispersion properties of the SPP TL with different geometric parameters by Eigen-mode simulations. Then we propose an extremely compact conversion structure to realize smooth conversion between spatial wave modes in microstrip (MS) and SPPs, which is validated by the transmission performance using full-wave simulations. We fabricate two samples of the proposed SPP TLs with different geometric parameters, and detect their S-parameters and near-field distributions based on the home-made near-field scanner. Both numerical simulations and measurement results indicate that SPPs are excited efficiently through the compact structure. Owing to the multiconductor nature [26] , [27] , the proposed SPP TL can also be connected with active devices conveniently. Therefore, this new SPP TL and conversion structure may be widely used in SPP circuits and integrated systems in the future.
II. RELATED WORK A. NEW SPP TL AND DISPERSION ANALYSIS
We present a new spoof SPP TL structure. Fig. 1a and 1b are configurations of the top and bottom sides of the proposed SPP TL, respectively, where the loadable area for additional controlling modules is represented by the area encircled by red imaginary lines. For previous spoof SPP TLs used in Ref. [25] , as shown in Fig. 3c , the loadable area is only the narrow gaps between metallic patches and strip, while the new structure can load a much larger and complex controlling network in an open area. Fig. 1c is a conversion structure between the new SPP TL and traditional MS with impedance of 50 . The material of the substrate is Rogers RT5880 with the relative permittivity of ε r = 2.2 and loss tangent of tanδ = 0.0009. The thickness of the substrate is t 0 = 0.508mm. The width of MS with impedance 50 is w m = 1.5mm. The period of TL is p, the width and length of metallic patches are w 1 and a, respectively, the interval of adjacent patches is i = p-a, the width of metallic strip is w 2 , and the equivalent depth of groove, which is an important parameter in previous spoof SPP TLs, is d = w 1 -w 2 . Note that the metallic strip is located at the edge rather than the center of TL. The MS sections and conversion structures are at the two ends of the whole structure.
Then we investigate the dispersion properties of the spoof SPP TL structure with different geometric parameters using the Eigen-mode simulation of commercial software, CST Microwave Studio, and the results are shown in Fig. 2 . The dispersion curves of these spoof SPP TLs deviate from the light line gradually as the frequency increases, and reach to the cutoff frequencies asymptotically, which are typical dispersion characteristics of natural SPPs. From Fig. 2a , we can find that as the equivalent depth d increases and the other parameters are fixed as w 2 = 1mm, p = 5mm and a = 4.8mm, the dispersion curve deviates further from the light line and the cutoff frequency decreases, which implies the stronger field confinement and enhancement. The simulated dispersion curves of this structure with different parameters of strip width w 2 , period p, and interval of patches i are also sketched in Fig. 2b-d , respectively. And it can be clearly observed that the changes of period p and interval i impact the dispersion curve much less than the equivalent depth d. The configurations of the whole transmission structure of the CPW-excited spoof SPPs TL, where the length of CPW is L cpw = 3.5mm, the length and width of the CPW-excited spoof SPPs TL is L s = 24mm and w 3 = 7.2mm, the length and width of conversion section is L c = 33mm and w 4 = 50mm, respectively, and the area encircled by red imaginary lines is the loadable area.
B. ULTRA-COMPACT CONVERSION STRUCTURE
In order to excite spoof SPPs EM modes on our new TL, we construct an ultra-compact conversion structure to achieve smooth and rapid conversions between spoof SPPs and MS guided waves, as shown in Fig. 3 . In this work, the length of MS with 50 impedance is L m = 1mm, the length of the new spoof SPPs TL is L s = 70mm, and the length of conversion section is L c = 12.5mm. The conversion structure is composed of a tiny interval between MS and the first metallic patch, equal to 0.1mm, and a curved metallic strip. Note that the wider metallic strip on the bottom of substrate in Fig. 1a serves as the ground of MS section while the narrower metallic strip on the top of substrate in Fig. 1b serves as the guiding strip. The width of the conversion structure is the same as that of the spoof SPP TL. In another word, no additional width is required in the transition. The full-wave simulation of the whole two-port structure, in which the geometric parameters of the spoof SPP TL is fixed as p = 5mm, a = 4.8mm, w 1 = 6mm, w 2 = 1mm, i = p-a = 0.2mm and d = w 1 -w 2 = 5mm, is performed by the CST Microwave Studio and the result of S-parameters is shown in Fig. 4a . It can be easily observed that a high-efficiency conversion between spoof SPPs and MS guided EM waves is achieved, implying good matching of wavenumber and impedance. And the cutoff frequency of this TL is about 15.4GHz, which is identical to the simulated result of Eigen-mode simulation. In some special cases, designer need a larger interval between the metallic patches as loadable space to realize some customized functions [28] . Thus, we also investigate the conversion performance of the same conversion structures for the new spoof SPPs TL with i = 1mm and i = 2mm, and the simulated result is shown in Fig. 4b . Theoretically, the end of the conversion structure connected with the new spoof SPP TL can be approximatively regarded as a period of similar TL with i = 0.1mm. According to the dispersion analysis in Fig. 2a , the mismatch of wavenumbers of the spoof SPP TLs with different i is not severe, so the conversion is supposed to be smooth. Simulated S-parameters in Fig. 4b demonstrate outstanding performance of the conversion structure under these cases, and the cutoff frequency moves to about 14.3 and 14 GHz, respectively, which agrees with the previous dispersion analysis very well. The longer conversion section with gradually varied intervals may achieve tiny improvement of the transmission efficiency, but a larger area will be required, which is unworthy in minimized circuits and systems. Thus, this conversion structure possesses great adaptation for the proposed spoof SPP TLs with different geometric parameters.
To visually show the compact advantage of the conversion, we simulate a traditional CPW-excited spoof SPP TL structure, as shown in Fig. 3c where the length of CPW with 50 impedance is L cpw = 3.5mm, the length of the new spoof SPPs TL is L s = 24mm, the width of the guiding strip is w 3 = 7.2mm, and the length and width of the conversion section are L c = 33mm and w 4 = 50mm, respectively.
The simulated S parameters of the CPW-excited transmission structure are shown in Fig. 4a as a comparison to the new structure. It can be observed that the new spoof SPP TL can provide slightly better conversion efficiency than the traditional CPW-excited one, while its conversion structure is much shorter and more compact, requiring no additional cumbersome width. Thus, the proposed spoof SPP TL and ultra-compact conversion structure achieve the universal, high-efficiency and rapid transition between traditional MS guided EM mode and spoof SPPs mode. 
C. EXPERIMENTS
To experimentally verify the outstanding performance of the proposed structure, we fabricate two samples of the new TLs with the same geometric parameters but different intervals i of 0.2mm and 1mm on the substrate Rogers RT5880 of 0.508mm thickness, as shown in Fig. 5 . In this experiment, we use vector network analyzer (VNA) AV3672B to obtain the reflection (S11) and transmission (S12) coefficients of these two spoof SPP TLs. In order to connect the whole structure with VNA, we weld standard SMA connectors onto all ports of these two samples. The measured S parameters of these two samples are shown in Fig. 6b , and it is obvious that the conversion has a very high efficiency.
For visualizing the conversion process and transmission of EM waves, we plot the near-field distribution of electric field at 1mm above these two samples at 12GHz and 18GHz by simulation and the results are shown in Fig. 7a-d , indicating the propagating of a SPPs-like EM mode at 12GHz and the interdict at 18GHz. We also measured the near-field distribution of electric field of these two samples at 12GHz and 18GHz based on a home-made near-field scanner, composed of a VNA and a monopole antenna installed in a mechanical platform which can move under the control of stepper motor, as shown in Fig. 6a . In the experiments, one port of the sample is connected with one port of VNA, the other port of the sample is connected with the matching impedance, and the other port of VNA is connected with the monopole antenna which is about 1mm above the samples. The measured results of near-field distributions of these two samples at 12GHz and 18GHz are shown in Fig. 7e -h, which are of great agreement with the simulated results.
III. CONCLUSION
The concept of programmable plasmonic metamaterial offers us the ability to reconfigure the dispersion properties of spoof SPPs and engineer the behaviors of SPP waves, such as the transmission and phase shift. More flexible manipulations of the programmable metamaterials require more complicated active controlling modules. It is still a challenge, however, to load complex controlling modules into the SPP TLs because of their limited loadable space.
In this work, we proposed a new type of spoof SPP TL composed of metallic adjacent periodic patches and a strip on the opposite side of the dielectric substrate. The dispersion property of the new spoof SPP TL can be controlled by adjusting its geometric parameters or loading active modules. Owing to its geometric structure, the new spoof SPP TL offers an open loadable space for larger controlling network to achieve more complex controlling strategy and functions. The corresponding MS conversion structure constructed by covering the guiding strip and corrugated ground is not only highly efficient and universal, but also much more compact than the traditional CPW conversion structure, which offers us great convenience to apply spoof SPPs to ICs and chips. This structure can also be connected with active devices due to its multi-conductor nature. Hence, the proposed spoof SPP TLs have potentials to be widely used in ICs and other customized applications. 
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